A new phosphorus-containing dicarbamates, di(N-carbomethoxylaminomethyl)benzyl phosphine oxide was first synthesized from tetrakis(hydroxymethyl)phosphonium sulfate (THPS) via five step reactions (Scheme 1), and its structure was proved by FTIR, ( 1 H, 13 C, and 31 P) NMR, and MS. A series of thermally stable phosphorus-containing polyureas were synthesized via trans-ureation polycondensation of the new monomer with aliphatic diamines, including poly(propylene glycol) bis(2-aminopropyl ether), respectively. All of the above polyureas were fully characterized by inherent viscosity, GPC, solubility tests, and thermogravimetric analysis. The thermal gravimetric analysis results showed that the initial breakdown temperature of all phosphorus-containing polyureas was observed at above 265°C while complete weight loss occurred in the region of 406-465°C, which shows all polyureas have good thermal stability. GPC results showed that the maximum number-average molecular weight of the synthesized polyureas reached 59,100 g mol
Introduction
Introduction of inorganic elements into the backbone of organic polymers can obtain a series of high-performance materials, the preparation of these materials is an area of current interest. [1, 2] Phosphorus is one of the most abundant elements on earth and the development of this fascinating non-metal element in the polymer chemistry is clearly of both fundamental and applied interest. [3] Small amounts of phosphorus in a polymer can be greatly advantageous, imparting flame retardancy, [4] [5] [6] adhesion to metals, [7] ion-exchange characteristics [8] , and biodegradable and blood compatible characteristics. [3] One of the most direct ways for the introduction of phosphorus into a polymer is direct phosphorylation, for example reaction of the polymer with PCl 3 and POCl 3 . [9] [10] [11] However, these materials are better considered to be modified organic polymers rather than organic/inorganic hybrid polymers. Polyphosphonates and polyphosphates are of commercial interest because of their flame-retarding characteristics and their potential as high-performance plastics. [12, 13] Although they have some attractive properties, such as good transparency and hardness, the obvious disadvantage is the lack of long-term hydrolytic stability, which limited their usage in many practical applications. This problem has been partially overcome by elimination of the phosphorus-oxygen bonds in the backbone of polymers. For the past years, phosphoruscarbon bonds containing monomers and polymers have been the subject of extensive research. A new type of polymers based on a phosphorus-carbon backbone is poly(methylenephosphines) of structure [-P(R)-CR 0 2À ] n , produced by the polymerization of phosphaalkenes (P(R) =CR 0 2 ). [14] [15] [16] [17] An alternative synthetic route to incorporate phosphorus-carbon bonds into the backbones of polyolefins is copolymerization of olefinic monomers with small phosphorus heterocycle compounds. [18] And via the polycondensation of monoalkyl and monoaryl phosphines with 1,4-diiodobenzene, a series of poly (p-phenylenephosphine)s were successfully synthesized. [19] Recently, 4,4′-(phenylphosphoryl)dibenzoic acid [20] [21] [22] was also used as phosphorus-containing component to synthesize a series of main-chain phosphorus-carbon bonds containing polymers with long-term hydrolytic stability.
Looking into present research results in phosphorus chemistry, most phosphorus-containing monomers and polymers were synthesized from white phosphorus, [23] phosphine (PH 3 ), [19, 24] PCl 3 , and POCl 3 . [25, 26] However, white phosphorus is toxic and pyrophoric, and in fact, it is not available through standard chemical suppliers and is typically converted on site into other compounds. Part of phosphorus-containing monomers and polymers rely on PCl 3 , such as DOPO and its derivatives, [25] [26] [27] arylphosphoric dichloride [20, 28] and phosphorus-containing acylchloride. [29] [30] [31] Since reactive phosphorus-chlorine bond is not necessary in most polymers, it is desirable to avoid the use of chlorine altogether. Moreover, PCl 3 is so hazardous and unstable that its storage and use are extremely inconvenient.
PH 3 is mainly consumed as an intermediate in organophosphorus chemistry, even though it is a highly toxic and pyrophoric gas. However, PH 3 can conveniently react with formaldehyde in sulfuric acid solution to give tetrakis (hydroxymethyl)phosphonium sulfate (THPS), [32] which is a safe phosphorus-containing compound used as flame retardant and biocides. In fact, THPS is also a reactive intermediate for many fine phosphorus compounds. Tris (N-carbomethoxyl-aminomethyl)phosphine and its oxide were successfully synthesized from THPS by Frank. [33] These compounds contain methyl carbamate functional groups, which can produce isocyanates through thermal decomposition method. This process is a promising ecologically safe method of obtaining isocyanates without using the toxic phosgene. [34] [35] [36] As we all know, isocyanates are widely used in the preparation of the polyureas and polyurethanes. [37] Furthermore, many efforts have been made to synthesize directly polyurethanes and polyureas via polycondensation dicarbamates monomers with diols and diamines. [38] [39] [40] [41] Inspired by these studies, we designed and synthesized a novel phosphorus-containing dicarbamates, di(N-carbomethoxyl-aminomethyl)benzyl phosphine oxide from THPS. Five phosphorus-containing polyureas were prepared by trans-ureation polycondensation of di-(N-carbomethoxylaminomethyl)benzyl phosphine oxide with five different diamines catalyzed by 1,5,7-triazabicyclododecene (TBD). In this study, the di (N-carbomethoxylaminomethyl)benzyl phosphine oxide was designed and synthesized as a new phosphoruscarbon bonds containing reactive monomer, which can expediently introduce the phosphorus element into the main chain of polyureas via an isocyanate-free strategy. The present work is the first attempt to synthesize phosphorus-containing monomers and polymers using the relatively stable and secure THPS as a start material. The results show that THPS is a viable alternative of PH 3 and PCl 3 in the synthesis of phosphorus-carbon bonds containing monomers and polymers. 3 Cl was allowed to evaporate at room temperature under vacuum. Band intensities were assigned as weak (w), medium (m), shoulder (sh), strong (s), and broad (br).
Thermal gravimetric analysis (TGA) data for polymers were taken on a PerkinElmer Thermal Analysis under N 2 atmosphere at a rate of 10°C min −1 from room temperature up to 700°C. Dynamic mechanical thermal analysis (DMTA) was performed on polymer films (with dimensions around 40 × 10 × 1.0 mm) with a PerkinElmer Instruments Diamand DMA analyzer, working in a tensile mode. The storage modulus, E′, loss modulus, E″, and the loss tangent, tanδ, of each sample were obtained as function of temperature over the range from −150 to 200°C, at frequency of 1 Hz, and at a heating rate of 5°C min −1 . The polymer films for DMTA were prepared by compression molding at 140°C for 5 min.
The molecular weight of polymer was determined by gel permeation chromatography (GPC) in N,N-Dimethylformamide (DMF) containing LiCl (0.5%, wt%) using polystyrene as standards. The flow rate of DMF (containing LiCl) was maintained as 1 mL/min. The polymer solution was prepared by dissolving 10 mg of the sample in 1 mL of DMF(containing LiCl), filtered and injected for recording the GPC chromatograms. The chromatograms were recorded using Waters 510 pump and Waters 410 differential RI detector. The intrinsic viscosities of 1.0 g dL −1 polyureas solution in 1.5% (w/v) LiCl/DMAc at 30°C were measured using an Ubbelohde viscometer.
Monomer synthesis

Synthesis of octakis(N-carbomethoxylaminomethyl) diphosphonium sulfate 2
The compound 2 was synthesized according to reported method. [33] A mixture of 75% aqueous 1 (135.4 g, 0.25 mol) and methyl carbamate (150.1 g, 2.00 mol) was heated to reflux with constant stirring, and held at 106-108°C for 2 h, allowed to cool, stripped of water under reduced pressure giving 218.7 g (101.5%) of 2 as an almost colorless tacky glass.
Synthesis of tris(N-carbomethoxylaminomethyl) phosphine 3
The compound 3 was synthesized according to reported method. [33] A solution of 2 (200.0 g, 0.23 mol) in distilled water (300 mL) was purged with argon, and treated with concentrated ammonium hydroxide (100 mL) over 15 min at 20-25°C. Solids started to separate after a few minutes, and after 2 h another 150 mL of distilled water was added to facilitate stirring. After 4 h, the solid was collected on a filter, rinsed with water, and dried in vacuum at room temperature, giving 138.6 g (102.1%) of white solid powder 3, mp:112-119°C.
Synthesis of benzyl tris(N-carbomethoxylaminomethyl) phosphonium chloride 4
The 3 (100 g, 0.34 mol) was heated to 140°C in oil bath upon melted completely under argon atmosphere, 46.8 g (0.37 mol) benzyl chloride preheated to 140°C was added rapidly under mechanical agitation, after 10 min, the products precipitated directly from the reaction mixtures. Allowed to cool, the precipitate was filtered, washed with hot ethanol, and dried in drying oven at 100°C, giving 101.0 g (70.4%) of white solid powder 4, recrystallized from water (500 mL), giving 69. 
Synthesis of di(N-carbomethoxylaminomethyl) benzyl phosphine 5
Concentrated ammonium hydroxide (30 mL) was added to a well-stirred slurry of 4 (42.18 g, 0.1 mol) in water (110 mL) over 15 min at 21-26°C in an apparatus previously purged with argon. After 2 h, more water (90 mL) was added to facilitate stirring. The mixture was then stirred for 3 h and filtered, and the filter cake was washed with water and dried in a vacuum desiccator, giving 25.95 g (87.0%) of white solid, mp 62-65°C.
Synthesis of di(N-carbomethoxylaminomethyl) benzyl phosphine oxide 6
Hydrogen peroxide (30%, 9.07 g, 0.08 mol) was added dropwise to a well-stirred slurry of 5 (23.86 g, 0.08 mol) in water (100 mL) over a 30 min period, with ice-bath cooling applied to keep the reaction temperature below 30°C. After 3 h, the white solids were collected on a filter, rinsed with water, and air-dried, recrystallized from water, giving 18. 
Polymer synthesis
Synthesis of polyureas 6a-c
The polyureas 6a-c were synthesized by direct polycondensation reaction, as an example the preparation of polyurea 6a is explained as follows. The 6a was prepared from the reaction of di(N-carbomethoxylaminomethyl) benzyl phosphine oxide 6 with 1,6-hexamethylenediamine.
The mixtures of monomer 6 (3.14 g, 10 mmol), 1,6-hexamethylenediamine (1.16 g, 10 mmol), TBD (0.14 g, 1 mmol), and DMAc (8 mL) were added into a 50 mL three-necked round-bottom flask, which was equipped with an argon inlet, a Vigreux column connected to a Dean-Stark condenser, and a mechanical stirrer. The reaction mixture was heated at 140°C on an oil bath for 20 h under argon flow with constant stirring. Then, the reaction mixture was poured into 100 mL hot ethanol and the precipitated polymer was collected by filtration and washed thoroughly with hot ethanol and dried at 70°C for 12 h under vacuum to gain 3.00 g (82%) of white solid polymer 6a. 
Synthesis of polyureas 6d-e
In a 50 mL three-necked round-bottom flask, which was equipped with an argon inlet, a Vigreux column connected to a Dean-Stark condenser, and a mechanical stirrer, were placed a mixture of di(N-carbomethoxylaminomethyl) benzyl phosphine oxide 6 (10 mmol), diamine (PPGda-400, or PPGda-2000) (10 mmol), and TBD (1 mmol). The mixture was heated at 140°C for 11 h under argon flow with constant stirring. The resultant viscous mass was further condensed by applying high vacuum at 140°C for 6 h. In this case, the catalyst TBD was removed by sublimation. Then it was cooled to room temperature, polyureas 6d and 6e were obtained as a light yellow transparent resins-like and a pale yellow rubber-like materials, respectively. 
Results and discussion
Synthesis di(N-carbomethoxylaminomethyl) benzyl phosphine oxide 6
The synthesis route of the monomer 6 has been shown in Scheme 1. The synthesis of the compound 3 from THPS by way of the intermediate 2 has been reported by Frank.
[33] All of these operations were performed under argon, the product became hot and sticky when exposed to air for the oxidation reaction. Due to oxygen-sensitive, the compound 3 was used in next step directly without further purification and characterization. The dried 3 reacted with excess benzyl chloride without additional solvent. In order to shorten the reaction time and decrease the side reaction, the benzyl chloride was preheated to 140°C before mixing with the molten 3. The chemical structure and purity of the key intermediate 4 were confirmed with FTIR, 1 H NMR, and 31 P NMR spectroscopy. The IR spectrum of 4 is shown in Figure 1 . The compound exhibited characteristic absorption bands at 1697 and 1723 cm −1 for the carbonyl groups (C=O stretching vibration of amidic groups and ester groups, respectively) and 1392 cm −1 (C-N stretching vibration) and 1268 cm −1 (C-O stretching vibration). The absorption bands of amide groups appeared at 3313, 3199 (N-H stretching), and 1533 cm confirm its chemical structure, which is shown in Figure 2 . A singlet peak at 3.58 ppm related to H(a) of methyl and peaks at 7.29-7.36 ppm were assigned to H(e), H(f), and H(g) related to aromatic protons. The double peaks at 4.18 and 3.79 ppm were assigned to H(c) and H(d) related to methylene protons. The 31 P NMR spectrum of 4 shows a peak at 27.11 ppm related to the chemical shift of the phosphonium (Figure 3 ).
The monomer 6 was obtained by means of hydrolysis of 4 with ammonium hydroxide and then oxidation with 30% peroxide hydrogen. The structure of 6 was proved with MS, FTIR, 1 H NMR, and 13 C NMR, 31 P NMR spectroscopy. The molecular ion peak (m/z: 314) and the characteristic fragments ion (m/z: 91, 136, 197, 226) of the expected compound 6 were observed from the MS spectrum as shown in Figure 4 . The FTIR spectrum of 6 shows a strong peak at 3256 cm −1 , which were assigned to the NH related to amide groups in this compound and strong peak at 1718 cm −1 related to carbonyl groups ( Figure 5 ). Also 1 H NMR spectrum of 6 showed that a set of peaks at 7.24-7.31 ppm were assigned to the H(e), H(f), and H(g) related to aromatic protons, two peaks at 3.20 and 3.24 ppm and a set of multiplet peaks at 3.34-3.50 ppm were assigned to the H(d) and H(c) related to methylene protons, respectively. A singlet peak at 3.58 ppm was assigned to H(a) related to methyl protons and a broad singlet peak at 7.47 ppm was assigned to H(b) (Figure 6 ). Also, the 13 C NMR spectrum of 6 showed eight different carbon atoms (Figure 7) . Furthermore, the 31 P NMR spectrum of the compound 6 shows a peak at 43.70 ppm related to the chemical shift of the phosphine oxide (Figure 8 ).
Phosphorus-containing polymer synthesis
The synthesis of polyureas usually involves highly toxic isocyanates, which are derived from even more toxic phosgene. [42] [43] [44] Herein, we synthesized five phosphorus-containing polyureas 6a-e by polycondensation of the monomer 6 with five diamines a-e (Scheme 2). In the first polymerization experiment, equimolar amounts of the monomer 6 and aliphatic diamines a-c were used. Polycondensation was performed at 140°C applying catalytic amounts (0.1 equiv.) of TBD as catalyst. Early solidification of the reaction mixtures and only partial removal of methanol did not allow for a complete conversion or high degrees of polymerization. To avoid early solidification of the polymerization mixture, high boiling solvents DMAc and NMP were used, the details are listed in Table 1 . Also, two PPGda grades with different M n sðM n ¼ 400 and 2000 g mol −1 ) were used in the polymerizations with 6 obtaining the polymer 6d and 6e, respectively. Since monomer 6 can be completely dissolved in the PPGda while heated to 100°C, high boiling solvents were not used in the polymerization process. The polycondensation was performed in one-pot but in two stages: initially, the polymerization was proceeded by stirring the reactants at 140°C for 11 h under argon purge, subsequently the viscous oligomers were condensed by applying high vacuum for 6 h.
Polymer characterization
The structure of polymers 6a-c was confirmed as polyurea by means of IR spectroscopy, 1 H NMR and 31 P NMR. Also, the structure of polymers 6d-e was confirmed as polyurea by means of IR spectroscopy and 31 P NMR. The representative IR spectrum of polymer 6b is shown in Figure 9 . The polymer exhibited characteristic absorption bands at 1642 and 1569 cm −1 for the carbonyl groups (C=O stretching vibration of urea groups) and 1388 cm −1 (C-N stretching vibration). The absorption bands of amide groups appeared at 3339 cm −1 (N-H stretching). The IR spectrum of polyureas 6a, 6c-e is shown in Supporting Information, Figure S1 -S4. The IR spectrum of 6d and 6e exhibited characteristic absorption bands at 1105 and 1010 cm −1 for the ether bonds. The 1 H NMR spectrum of polymer 6b (Figure 10 ) showed peaks that confirm its chemical structure, the aromatic protons H(e), H(f), and H(g) appeared in the region of 7.23-7.41 ppm and the peaks in the region of 1.38-1.63 ppm are assigned to H(a) related to methylene protons in the polymer backbone. The peaks in the region of 3.20-3.54 ppm are assigned to H(b) and H(c) related to methylene protons which connected to N-H group and 4.0 ppm is assigned to H(d) related to methylene protons which connected to benzene ring, 4.19-4.48 ppm is assigned for N-H urea groups in the polymer backbone. The 1 H NMR spectrum of 6a and 6c are shown in Supporting Information, Figure S5 -S6. The 31 P NMR spectra of the polyureas 6a-c were recorded in the mixed deuterated reagents CF 3 COOD/CDCl 3 while those of 6d and 6e were recorded in CDCl 3 . The 31 P NMR spectrum of 6a-e (the 31 P NMR spectrum of 6b is shown in Figure 11 and of 6a, 6c-e are shown in Supporting Information, Figure S7 -S10) also showed resonances at δ = 54. 21 The molecular weight of 6a-e was determined by gel permeation chromatography (GPC) in N,N-dimethylformamide (DMF) containing LiCl (0.5%, wt%) using Figure 8 . 31 P NMR spectra of di(N-carbomethoxylaminomethyl) benzyl phosphine oxide 6.
Scheme 2. Synthesis of PUas 6a-e from the monomer 6 and diamines a-e.
polystyrene as standards and the number-average molecular weights (M n ) were 39,900, 48,500, 52,300, 58,800, and 59,100 g mol −1 , with a polydispersity (PDI) of 1.19, 1.15, 1.23, 1.40, and 1.50, respectively. However, some of the polymers have a PDI lower than 1.50 (theoretical value for linear step-growth polymers is 2), which might be explained by the removal of part of the low molecular weight polymer during the purification which is required to remove the TBD. The intrinsic viscosities of 6a-e solution (1.0 g dL −1 ) in 1.5% (w/v) LiCl/ DMAc at 30°C were measured using an Ubbelohde viscometer and the intrinsic viscosities of the polyureas were obtained in the range of 0.18-0.33 as shown in Table 1 .
Solubility of polymers
The solubility of polyureas 6a-e was investigated as 0.01 g of polymeric sample in 2 mL of solvent. Remarkably, as shown in Table 2 , 6a-c showed high resistance to solvents, including polar solvents such as H 2 O, EtOH, acetone, DMF, NMP, 5% LiCl solution, non-polar solvents such as CCl 4 , cyclohexane. Polymers 6d-e were easily soluble at room temperature in polar organic solvents such as ethanol, methanol, NMP, DMF, DMAc, acetone, and CHCl 3 , and partially soluble in THF on heating, insoluble in solvents such as CCl 4 , cyclohexane, and H 2 O. All polyureas are soluble in TFA and 1.5% (w/v) DMF/LiCl. Added lithium chloride in DMF can destroy the hydrogen bonds of polyureas. The incorporation of monomers with flexible group, such as ether moieties in the polymer backbone, led to good solubility for polymers 6d-e in various solvents, especially polar organic solvents.
Thermal properties
TGA at a rate of 10°C min −1 under nitrogen atmosphere was utilized to examine the thermal properties of the polymers 6a-e, and the results are summarized in Table 3 . Figure 12 shows the TGA curves of polymers 6a-e. The thermal stability of the polymers was studied on the basis of 5 and 10% weight losses (T 5 and T 10 , respectively) of the polymers and the residue at 700°C (char yield). As given in Table 3 , the T 5 for 6a-e were 290, 280, 284, 265, and 303°C, respectively, and the maximum decomposition temperatures (T m ) were 457, 465, 465, 441, and 406°C, respectively. TGA data [45] indicated that aromatic polyureas are inherently thermally unstable, since their initial breakdown was observed at 150-200°C while complete weight loss occurred in the region of 400-500°C. The TGA results of 6a-e showed that the initial breakdown was observed at above 265°C while complete weight loss occurred in the region of 406-465°C. The char yield for 6a-e at 700°C was 13.12, 9.22, 7.68, 7.56, Figure 11. 31 P NMR spectra of polymer 6b. and 2.88%, respectively. The linear segmented polyureas are composed of alternating hard segments (HSs) and soft segments (SSs). In the polyureas 6a-e, the monomers 6 act as hard segments, and the low molecular diamines a-c or poly(propylene glycol) bis(2-aminopropyl ether) d, e form the soft segments. As shown in Table 1 , the hard segment contents (HSCs) of 6a-e were 73.0, 68.5, 61.1, 44.0, and 15.6%. The char yield of 6a-e at 700°C increased with the increasing of HSCs (in accord with P content) of the polymer. Overall, all polyureas 6a-e show a low char yield. The elastomeric properties of polyureas are a result of the occurrence of phase separation between the HS and the SS, which is affected by the HS length distribution. As shown in Table 1 , the hard segment contents (HSCs) of polyureas 6a-c are much higher (73.0, 68.5, and 61.1% for 6a, 6b, and 6c, respectively). The high HSCs of these polyureas result in a kind of toughened plastics, without real elastomeric properties. The HSC of polymer 6e (15.6%) is so low that it is impossible to form a film. Only polymer 6d (the HSC reaches 44.0%) can be compressed or cast into films and the thermo mechanical properties could be measured. The dynamic mechanical behavior of the 6d sample was analyzed at frequency of 1 Hz. The results for the storage modulus, E′, the loss modulus, E′, and tanδ are shown in Figure 13 . As shown from curves of loss modulus, E″, and the loss tangent, tanδ, the wide secondary relaxation (named ß relaxation) can be clearly observed from −150 to −6°C. It was related to subsize movement of molecular chain and there was only a slight decline in storage modulus E′. Moreover, when up to 6.5°C, there was a peak in main relaxation (glass transition) in loss modulus and loss tangent, and there was a prominent decrease in storage modulus. Since Polymer 6d entered into melting process directly after its glass transition, the loss tangent increased sharply with the drastically decreased storage modulus. Within the scope of test temperature, the storage modulus decreased from 4000 (−150°C) to 0.3 Mpa (200°C), there were five orders of magnitude in the total changes.
Conclusions
In this article, we have successfully synthesized a new phosphorus-containing dicarbamates 6 from THPS which is a relatively stable and secure raw material. Also a series of new phosphorus-containing polyureas 6a-e with good thermal properties were prepared by the trans-ureation polycondensation of aliphatic diamines and diamino-terminated poly(propylene glycol) (PPGda) using catalyst TBD. Due to incorporation of phosphorus atoms into the polymer main chain, the synthesized polyureas showed exceptional properties, such as high resistance to solvents and excellent thermal stability. The results presented herein also clearly demonstrate that incorporating the ether moieties into the polymer main chain can enhance the solubility of polyureas 6d-e in organic solvents. This study shows that THPS not only have favorable safety, solubility, and stability properties but also display excellent synthetic versatility in the synthesis of phosphoruscontaining monomers and polymers.
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